The exchange of water between plasma and interstitial fluid (ISF) along the length of a capillary is attributed to a balancing of the Starling forces, site-specific differences in hydrostatic and osmotic pressures that theoretically determine directional fluid movement. The osmotic forces for water movement are attributed to the osmotic effects of proteins, colloid osmotic pressure (COP). Several physiological inconsistencies question the role of proteins and COP in fluid flux. A reconsideration of Hulett's insights concerning the osmosis of water provides substantial evidence that the effect of COP does not cause osmosis, and therefore another force is needed to explain plasma-ISF exchange. Review of whole-body tissue and blood ion concentrations and/or ion differences across isolated tissue or secretory epithelia from a variety of species indicates that the diffusion of bicarbonate and strong ions within plasma is the dominant osmotic effect returning ISF to the capillary. Conceptually, as these ions diffuse along physiological gradients, they alter the chemical potential of water through which they are diffusing (solute-solvent drag), creating an osmotic effect on plasma water, and explain plasma-ISF exchange. Considering venous-arterial differences, diffusing HCO 2 3 and strong ions give rise to a net osmotic force (, 35 Torr) in venous end capillary plasma water that is coupled to ISF through pores in the endothelium. More importantly, diffusing HCO 2 3 and strong ions provide an incremental osmotic force (, 150 Torr) that is essentially matched to any change in metabolic rate (e.g. muscular work) when CO 2 output and water production are increased. The proposed diffusing ion osmotic force does not negate the necessity for colloidal proteins in volume regulation. Proteins can have an essential effect on fluid exchange in plasma when blood flow is intermittent or changes in protein concentration in the ISF such that proteins exert a force against a distensible boundary (i.e. the endothelium and basement membrane) as they are reflected by it or diffuse through the membrane due to changes in permeability.
Introduction
The Starling equation 1 purports to explain the exchange of fluid between plasma and the interstitial space surrounding the capillary endothelium and its basement membrane (hereafter capillary endothelium). In his original experiment, Starling intermittently perfused the isolated hindlimbs of a dog with defibrinated blood (from the dog). The experimental leg was injected with 1% saline (subcutaneously). With the completion of intermittent perfusions (12-24 cycles) , it was observed that the formed elements of the experimental leg were in lower concentration than that of the control leg; thus more interstitial fluid (ISF) had returned to the blood of the experimental leg despite the interstitial osmolality being greater than plasma. Interestingly, Starling discusses previous work showing that the osmotic pressure of the salts was 'enormously higher' than that of albumen, rendering albumen 'insignificant in physiological processes'. Yet, Starling rejected this idea, noting that salts were permeable and their diffusion would minimize the effect of the original osmotic difference. The impermeable proteins would provide 'the attraction of water' and the salt would diffuse to re-establish the osmotic gradient dictated by the proteins. As will be discussed below, the proteins do not exert this effect. From this single publication of never-repeated experiments and based on Starling's interpretations, four pressures are said to determine whether fluid flows from plasma to ISF or from ISF to plasma. As plasma flows through a capillary, Starling recognized that capillary hydrostatic pressure (P c (x)) will normally exceed the ISF hydrostatic pressure (P t (x)) outside the capillary endothelium along the entire length of the capillary. These differing pressures cause extravasation of fluid into the ISF at the arterial end of the capillary, comprising the hydrostatic pressure term in the Starling equation. Starling, and subsequent interpreters of Starling's experiment 1 , postulated another term, colloid osmotic pressure (COP; p) consisting of an osmotic pressure due to proteins in plasma (p c (x)) and ISF (p t (x)) at the same location along a capillary through which the plasma flows. These two terms are designated as the Starling forces in the Starling equation as follows:
J v ðxÞ¼L p ðxÞSðxÞf½P c ðxÞ2P t ðxÞ2s e ðxÞ½p c ðxÞ2p t ðxÞg:
The volume of fluid filtering through the capillary per unit time and unit length at (x) is J v (x). The hydraulic conductivity of the capillary at (x) is L p (x). The circumference of the capillary is S(x), and the reflection coefficient of the capillary endothelium for the colloids is s e (x).
The Starling second force or osmotic term (L p (x) s e (x)S(x) [p c (x) 2 p t (x)]) states that since the protein concentration in the plasma exceeds the protein concentration in the ISF, the associated difference in osmotic force returns fluid to the capillary when this osmotic force exceeds the hydrostatic force near the venous end of the capillary. The purpose of the present perspective is to show that this osmotic force due to proteins (p c ) is not the force responsible for returning extravasated plasma and to suggest another osmotic force that may be the most important osmotic force in plasma-ISF exchange.
Physiological inconsistencies involving COP of plasma and fluid exchange
In mammals, the hydrostatic pressure at the arterial end of a capillary is 40 Torr, decreasing to 15 Torr at the venous end. The COP of plasma and ISF are 25 and 1 Torr, respectively. Thus, according to the Starling equation, the balance of forces at the arterial end of the capillary favours fluid extravasation (Fig. 1) . As plasma moves along the capillary, hydrostatic pressure dissipates such that somewhere about the midpoint of the capillary the balances of forces reverse and the extravasated fluid is returned to the plasma (Fig. 1) . Again, according to Starling, this reversal of force is primarily due to the influence of plasma COP. Birds have a high blood pressure relative to mammals, in some cases in excess of 200 Torr 2 . Interestingly, birds have a relatively low COP (10 Torr). As blood flows along the capillary, the drop in hydrostatic pressure never reaches that of COP, and as there is no apparent reversal of pressures, the extravasated fluid cannot be recovered by means of COP (Fig. 2) ; therefore, another force must exist. Schmidt-Nielsen 2 indicates that this is not well understood and suggests that avian capillaries must possess different properties from mammalian capillaries or birds must have a greater vascular resistance to keep capillary pressure low. He also concludes 'that a higher resistance in arterioles seems meaningless, for why should birds then have a high arterial pressure to begin with?' 2 . This 'problem' with low COP is also observed in fish (Fig. 2) . While lower blood pressures are typically associated with lower COP (3) (4) (5) (6) (7) (8) in fish, reptiles and amphibians, this low COP probably contributes very little, if at all, to returning extravasated fluid and another force must exist. Indeed, fish capillary properties are different from mammals' and birds' and are highly permeable to proteins. Thus, as discussed below (see Essential role of plasma proteins section), the diffusion of protein through the membrane is the force that participates in fluid exchange, not its COP. This is further illustrated in amphibians, where the return of fluid to the vascular space is due primarily to lymphatic return and not explained by transcapillary forces 3 . Applying Starling forces to transcapillary fluid exchange in the mammalian lung is also problematic. In the pulmonary circulation, P c is very low (, 10 Torr), and it is assumed that extravasation of fluid is limited and the lung interstitial space remains 'dry' because plasma COP (, 25 Torr) so greatly exceeds pulmonary P c . However, increases in pulmonary capillary P c (as little as 1 Torr) result in fluid filtration, despite P c being significantly less than plasma COP (Fig. 3) 4 . The clear conclusion is that plasma COP cannot directly oppose or, by inference, support fluid movement in and of itself. The transient filtration and attainment of a new steady state following the step change suggests that an additional force must be present, and while it does not oppose the initial extravasation following the perturbation, it can restore equilibrium at the higher P c (Fig. 3) .
Another problem is the relative constancy in plasma COP. Increased blood pressure and local vasodilation associated with increased skeletal muscle work increases P c and favours increased plasma filtration (Fig. 4) . In addition to the extravasated fluid, the increased production of cellular water associated with increased metabolic rate provides additional strain on cell volume regulation. Thus, the force responsible for moving fluid into the vascular space must address the increased water load of metabolism. Although plasma proteins have been shown to change during exercise in humans 5, 6 and animals 7, 8 , the effect on plasma COP is minimal (3-5 Torr). Thus, plasma COP cannot contribute to plasma-ISF exchange more than it theoretically did in quiescence; thus, another force supporting plasma-ISF exchange must be present during periods of muscular work and increased metabolic rate.
Another interesting conundrum regards aqueous humour dynamics. Aqueous humour is produced in the ciliary bodies and secreted into the posterior chamber of the eye, diffusing to the anterior chamber where intraocular pressure is about 20 Torr. Aqueous then exits the eye via the canal of Schlemm, which is a meshwork confluence with the episcleral veins. Interestingly, the venous pressure, venous plasma osmolality (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) 
than those of aqueous [9] [10] [11] . With such differences in osmotic pressure, it was suggested that plasma water must diffuse into the eye at the venous end 12 . The question then is 'How does aqueous humour exit the anterior chamber against both the hydrostatic and osmotic gradient?'. Again, there must be another force responsible for the removal of aqueous from the eye to venous plasma.
Given these inconsistencies that question the role of proteins and their COP in fluid exchange, it appears that another physiologically relevant force must be identified to explain plasma-ISF exchange. We hypothesize that this force is an osmotic force related to the diffusion of bicarbonate (HCO 2 3 ) and strong ions in plasma that is primarily responsible for the balancing of hydrostatic forces and sub-serving fluid movement from ISF to plasma 13, 14 . The link between ion diffusion and plasma-ISF exchange is based on the concept of solute-solvent drag, the impact of diffusing ions on the water through which they are diffusing. Thus, the purpose of this study is to propose a conceptual framework supporting the hypothesized role of diffusing HCO 2 3 and strong ions as being the osmotic force for plasma-ISF exchange. For this, we must first reconsider the nature of osmosis of water. 
Nature of osmosis in fluid equilibrium
The basis for the present problem is the supposition that proteins in plasma decrease the concentration of water in plasma, and that the water concentration of plasma is less than ISF water concentration. Therefore, water diffuses down its concentration gradient from ISF through the endothelium (impermeable to protein) and into plasma. On the contrary, colloids do not alter the concentration of water 15 and therefore do not cause osmosis. Furthermore, one must consider the effect of solute on the concentration of water in a solution and its impact on osmosis. The basis for our hypothesis is Hulett's insight regarding the altered state of water in an aqueous solution with a free surface 16, 17 . Hulett recognized that a solute exerts a solute pressure against a distensible boundary of a solution and alters the solvent exactly like pure liquid solvent by lowering the pressure applied to it by the osmotic pressure of the solvent in solution. Thus, the chemical potential of the solvent in solution and the chemical potential of pure liquid solvent in solution are the same at the same temperature when the pressure applied to the pure liquid solvent is less by the osmotic pressure of the solvent. This then is the osmotic pressure of the solvent at a distensible boundary of the solution at the temperature and pressure applied to the solution. Solute molecules in a solution moving in random thermal motion (Brownian motion) at the boundary of the solution are reflected at that boundary, and this reflection changes their momentum. The molecules exert a force against the boundary that reflects them that is equal to the time rate of change in momentum normal to the surface of all reflected solute molecules. According to Hulett, this force per unit boundary is the internal solute pressure. In a free-standing solution, the force that opposes the solute pressure is the force that binds the water molecules together in the liquid phase. So the internal solute pressure alters the internal pressure tension in the cohesive force bonding the solvent. Let p that adding solute to water lowers the concentration of the water in the solution such that pure water diffuses from higher to lower concentration. Furthermore, this lowering of water concentration by solute causes osmosis. As shown in Fig. 5 18,22 , the concentration of water decreases as small amounts of Na 2 SO 4 are added to the water (Fig. 5, upper panel) . However, the curvilinear relationship between molar concentration of water and the moles of Na 2 SO 4 added does not correspond to the relationship between the osmolality of water and the moles of Na 2 SO 4 added (Fig. 5, lower panel) . In all cases, the osmolality of the water increases almost linearly as solute is added. For example, in NaF and MgSO 4 , the water concentration increases, not decreases, as these solutes are added (Fig. 5, upper  panel) , thus water flows out of the solution and into pure liquid water against the concentration gradient. Thus, the concentration of water does not cause or explain osmosis 15, [17] [18] [19] 23 . With respect to the present problem, the troublesome aspect of this is the idea that solute molecules lower the concentration of water in a solution at a semi-permeable membrane separating solution from pure liquid water. Frequently this happens, but this is not the reason that water moves into a solution across a membrane permeable only to water. Furthermore, this does not mean that water would diffuse out of the solution across the semi-permeable membrane into pure water on the other side, where the water concentration is less. It means that water concentration at the semi-permeable membrane does not cause osmosis, rather solute molecules lower the chemical potential of the water at the membrane [17] [18] [19] 23 . Moreover, it means, as Hulett perceived, that the solute alters the chemical potential, vapour pressure and all other partial molar properties of the water at a free surface of the solution or at any distensible boundary of the solution. For these reasons, when the flow of plasma through a capillary is in steady state and the capillary diameter is constant (as a boundary), the colloidal proteins in the plasma and its COP can do very little to affect fluid exchange between plasma and ISF. Another force must do what has been hitherto been attributed to plasma proteins in Starling's equation. The question is 'What force returns ISF to the plasma at the venous end of the capillary?' To answer this cardinal question pursuant to our hypothesis, two issues must be addressed: (1) the presently proposed osmotic effect is induced by 'solute-solvent drag' based on Hulett's model and (2) which solutes in plasma are in highest concentrations, but more importantly, which concentrations change the most from the arterial to the venous end of the capillary. The solute(s) that yield the largest concentration difference (venous minus arterial) will be the dominant solute(s) affecting the osmotic pressure of water in the plasma flowing along the length of a capillary and will be the dominant solute(s) affecting fluid exchange.
The concept of 'solute-solvent drag'
The osmotic effect of 'solute-solvent drag' is little known among physiologists. Therefore, it is appropriate to examine a few hypothetical situations to gain better insight into how it works. This force has not been recognized in the physiology of microcirculation and, to date, has not been acknowledged 24, 25 . The phrase 'solute-solvent drag' means the following: (1) solute pushes on and alters the solvent into which it is diffusing and will diffuse, (2) this altered solvent pulls on the solvent within the solution from which the solute is diffusing and (3) this pulled solvent within the solution is altered by the same amount as pure liquid solvent is altered by pulling on it an equal amount. The fact that solute drags on the water and alters the water through which it diffuses has been demonstrated experimentally 15, 17, 22 . To illustrate, Fig. 6 shows how solute diffusing in water can drag on the water through which it diffuses 
Thought experiment illustrating how solute induces an osmotic effect on water as it diffuses from a higher to a lower concentration in the water. The pistons are assumed to move freely through the cylinder without resistance. (a) Pressure, p H2O (t ), must be applied immediately as time ¼ 0 to the right piston in (b) to maintain the piston above the arrow. Similarly, a pressure, p H2O (t), must be applied to the left piston in (c) The osmotic pressure, p H2O (t), changes in time as the solute concentration at the membrane decreases and as the solute concentration at the right piston increases. Note that the effect of gravity on the pressures applied to the fluids has been ignored. Modified from Hammel 23 and alter its internal tension 23 . As shown in Fig. 6a , at time t , 0, the solute is retained in a solution confined at each end by a rigid membrane permeable only to the water and not to the solute. The solute molecules are in random, thermal motion. Some strike the membrane that reflects them, changing their momentum. The time rate of change in momentum is a thermal force acting on the membrane and the rigid membrane exerts an equal and opposing force 17, 18, 20, 21 . This force exerted per unit area is a thermal pressure applied to the membrane. If the pressures p 1 e (t # 0) applied by the pistons to the water at the two ends of the cylinder are the same, then no water moves in or out of the solution. The internal tension in the water is the same everywhere in the cylinder, i.e. it is the same in the solution as in the pure liquid water beyond the two membranes. The solute does not alter the internal tension of the water in the solution, as it would if the solution had a free surface or a distensible boundary impermeable to water. The pressure the solute exerts at its boundaries is already opposed by the two end membranes and by the wall of the cylinder. If the pressure applied by one piston exceeds the pressure applied by the other, then water will flow through the solution at a rate determined by the differing pressures and by the hydraulic conductivity (L p ) of the membranes. Now at time 0, the membrane at the right end of the solution is removed, as in Fig. 6b or 6c. The solute molecules continue in thermal motion and they continue to be reflected. But now the water into which they are also diffusing (or will diffuse) reflects them. They exert a pressure (they push) on this water and may or may not alter its internal tension, depending on what pressures are applied by the left and right pistons.
When the membrane was removed at time 0 as in Fig. 6b , and as the solute molecules began to diffuse towards and were reflected by the water ahead, these solute molecules were pushing on the water ahead and into which they will diffuse. To prevent movement of either piston as in Fig. 6b , the pressure applied by the right piston to the liquid water between the piston and the solution must be increased immedi-
; otherwise, the pistons would not have remained at their starting position (depicted by the arrows above the pistons). Increasing by p H 2 O (t . 0), the counterpressure applied to the right side of the pure water in the cylinder balances the pressure exerted by the diffusing solute molecules on the left side of the same water, i.e. applying an increased counter-pressure to the pure water between the right piston and the solution alters the internal tension in this pure water. This prevents the solute from altering the internal tension in the water within the solution that would have been induced by the drag of the solute molecules diffusing through it. More correctly, the pressure applied by the right piston to the pure water, which is also pushed by the solute molecules to its left, prevents it from pulling on the water in solution. Thus, there was no change in internal tension in the water within the solution, and there was no need to change the pressure applied by the left piston to the water between the piston and the remaining left membrane. The internal tension in this water remained as when the pressure applied to it remained at p 1 e (t # 0). Finally, the pressure applied by the right piston had to be lessened by about 1/2 the initial amount so as to retain both pistons at the stationary arrows. The graph in Fig. 6 illustrates how the osmotic effect of the solute on the solvent varies as a function of time as the solute is redistributed in Fig. 6b and 6c .
In the case shown in Fig. 6c , the pressure applied by the right piston on the water into which the solute will diffuse remains at p 1 e (t # 0). Unless the pressure applied by the piston to the water left of the remaining membrane is decreased immediately by an amount equal to the osmotic pressure of the water in the solution in Fig. 6a , water will flow from left to right through the cylinder (not illustrated), i.e. when the pressure is decreased to p 1 e (t # 0-p H 2 O (t . 0), the pistons remain stationary at the arrows (as illustrated). The pressure applied by the left piston alters the water left of the remaining membrane by the same magnitude as the diffusing solute alters the water in the solution near the right side of the remaining membrane. The water at the front of the diffusing solute molecules is beginning to be altered. The water into which the solute will diffuse has not yet been altered, so the only pressure applied to the water left of the right piston is p 1 e (t # 0). The pressure applied by the left piston must remain p 1 e (t # 0) 2 p H 2 O (t # 0) as long as the highest solute concentration remains at the initial concentration and the lowest solute concentration in the solution remains 0, the solute concentration in pure liquid water. Moreover, this piston pressure must be applied immediately upon removal of the semi-permeable membrane, i.e. the moment there is no longer a rigid barrier to reflect the solute molecules so that they start to diffuse into the water ahead. Eventually, the solute concentration at the remaining membrane starts to decrease as the concentration at the right piston starts to increase above 0. To maintain the position of the piston (at the arrow) during this interval, the pressure applied by the left piston must gradually increase. Finally, when the solute concentration is the same throughout the solution, the piston pressure on the left must be increased to about 1 2 1/2x its initial value (not illustrated).
It is to be noted that a very important point is illustrated in Fig. 6c , which is central to our argument.
During the interval between time 0 and final equilibrium, while the solute drags on the water through which it diffuses, the osmotic effect due to this drag is determined by the difference between the highest and the lowest solute concentrations. Another very important point is that this osmotic effect on the water due to solute drag is instantaneous. During the interval between time 0 and final equilibrium in Fig. 6b and 6c , the internal tension in the water in the solution differed from the internal tension in the water ahead into which the solute was diffusing and will diffuse. Finally, when the solute was uniformly distributed throughout the solution (not illustrated), the internal tension in the solution water was everywhere the same and was the same as in the water between the left membrane and the left piston in both Fig. 6b and 6c . Also, when the solute molecules are uniformly distributed throughout the solution, they exert their thermal pressure against the boundaries of the solution, namely the remaining rigid membrane and the right piston. These barriers oppose this pressure so that the internal tensions in the pure water and in the solution water are the same throughout the cylinder.
The concepts illustrated in Fig. 6 are now applied to a cylinder that is modified by placing liquid water in a reservoir above the solution and by separating it from the solution by a rigid, semi-permeable membrane as illustrated in Fig. 7 23 . The pressure applied to this water is p 1 e (t # 0), the same pressure as applied by the right piston to the water between the membrane and the piston. The internal tension in the pure water at the applied pressure p 1 e (t # 0) is also the same as the internal tension in the water in the solution (Fig. 7a) . The reason for the equal internal tensions is that the thermal pressure exerted by the solute molecules in the solution is already opposed by the boundaries of the solution, namely the rigid membranes, the cylinder wall and the pressure at the left piston (p 1 e (t # 0) þ p H 2 O (t , 0)), to maintain the piston position (at the arrow). When the right-hand membrane is removed (Fig. 7b) , the solute molecules continue to push on the left piston as they did in Fig. 7a . To oppose this solute pressure, the piston continued to apply p 1 e (t # 0) þ p H 2 O (t) to the solution. The solute molecules diffusing towards the right piston are now pushing on the water (between solution and piston) into which the solute will diffuse. To fix the right piston in position (at its arrow), the pressure it applied to the intervening water was increased immediately from p
. With these equal pressures applied by the left and right pistons, the internal tension of the water within the solution was unchanged and remained the same as the internal tension in the water in the reservoir at an applied pressure p 1 e (t # 0). For this reason, there was no flow of water across the remaining membrane.
As shown in Fig. 7c , the right membrane is removed and the pressure applied to the right and left pistons is the same as applied to the reservoir on top ( p 1 e (t # 0)). Since the applied pressure to the pistons is not altered (as in Fig. 7b ), they become distensible boundaries. The solute molecules press on the left piston, and at the same time the solute molecules diffusing into the pure water on the right press on and push the piston to the right. Thus, the intervening water in the solution becomes distended and pulls water from the reservoir. Note that the force pulling the water is not even along the length of the membrane (indicated by length of arrows in the reservoir). This is due to the fact that the solutes at the left piston are not yet diffusing to the right, and thus the water in this solution is the most distended because the solute molecules that are diffusing to the right are pressing on the water into which they will diffuse near the left piston. For the same reason, the water in the solution near the leading edge of the diffusing solute is least distended because this water is also pressed by solute molecules from the left. So, the flow of water across the reservoir membrane is greatest at the left end and least at the right end. Note that the left piston still moves to the left, because the distension of the water and its pull on the left piston remain a little less than that of the solute pressure exerted by the solutes against the piston. As this process continues ( Fig. 7d; time .. . 0), all the water will be removed from the reservoir and the solute molecules will be distributed homogenously throughout the solution. The solute molecules continue to exert a solute pressure that is now about 1/2 the initial p H 2 O (t # 0). The internal tension of the water in solution is now altered by the same magnitude, as the internal tension of pure liquid is altered by reducing the pressure applied to it by 1 2 p H 2 O (t # 0). Hence, the pistons have shifted to the left and right of their original positions.
The thought experiments depicted in Figs 6 and 7 portray how diffusing solute can alter the water through which it diffuses giving rise to an osmotic effect 15, 18, 19 . Figure 7 illustrates how the water altered by the diffusing solute can affect water movement across another membrane (from the reservoir) to which the solution was linked by the membrane. The most important conclusion from this model ( Fig. 7c and 7d ) is its direct application to the return of ISF (represented by the reservoir solution) to plasma space due to changes in the internal tension of water as ions diffuse from right to left. The remaining issue regards which ions in plasma have the appropriate venous-arterial concentration difference such that their diffusion would create the necessary osmotic force to return extravasated fluid to vascular space.
The COP of water in human plasma due to dissolved proteins is about 28 Torr (1 Torr ¼ 133 Pa). If 1-2% of the plasma fluid is extravasated into the ISF at the arterial end of the capillary, plasma COP near the midpoint of the capillary increases by , 0. , where the v-a ion differences show a net increase in osmotic pressure of 42.5 Torr. Collectively, these data, and data from more recent work in humans [28] [29] [30] and animals [31] [32] [33] , provide a calculated plasma osmotic pressure due to the HCO 2 3 and strong ion diffusion gradients ranging from 31 to 43 Torr.
Applying these changes in osmotic pressure due to net ion diffusion in the capillary and the model presented in Fig. 7, we 
and strong ion concentrations are changing by association and dissociation with other plasma molecules, by exchange with ions in red cells and by exchange of fluid across the endothelium. However, during steady-state blood flow, these ions do not diffuse out of the capillary: the endothelium acts as a quasipermeable membrane for them. Accordingly, each ion diffuses only from its highest to its lowest concentration within the capillary plasma. HCO 2 3 and Na þ ions diffuse upstream (v-a), whereas Cl 2 ions diffuse downstream (a-v) in a systemic capillary (in opposite directions in a pulmonary capillary). As these ions diffuse, they drag on the water through which they diffuse. For this reason, the net change in osmotic pressure of plasma water (, 35 Torr) alters the internal tension in the attractive force bonding the water in its liquid phase as the tension in pure liquid water would be altered, where the pressure applied to it lessened by , 35 Torr. The internal tension of the plasma is altered immediately upon diffusion of the solutes and, as with hydrostatic pressure, the osmotic effects act regardless of the flow of plasma. The altered internal tension in plasma water is coupled to the ISF through the pores in the capillary endothelium and opposes the hydrostatic pressure in the plasma. Therefore, as plasma flows along the capillary, this net osmotic effect of diffusing HCO We conclude that this net osmotic force caused by ions diffusing through plasma, and not COP, is the force that explains the results obtained in Starling's classic experiment (Fig. 8) . In accordance with Starling, the hydrostatic pressure is greater than the net osmotic effects of the diffusing ions and extravasates fluid into the ISF at the arterial end. At the venous end, the combined osmotic effect of HCO 2 3 and strong ions diffusing upstream provides a force that exceeds the declining hydrostatic pressure returning extravasated ISF and moving metabolic water to the plasma by mass flow through the capillary endothelium. Moreover, at the venous end of the capillary, the pores in the capillary endothelium are more open than at the arterial end, thereby favouring the return of ISF to the plasma.
Given tissue heat exchange, the effect of temperature on this net osmotic force must also be considered. Increasing the temperature of all solutes in a solution will increase the solvent's osmotic pressure and will also affect the drag of the solute on the solvent when the solutes are diffusing through the solvent. The heated end of an aqueous solution had fewer solutes per unit volume than at the cooler end, i.e. the osmotic pressure of the water in the solution from the heated end is less than the osmotic pressure of the water in the solution from the cooled end when both solutions are measured at the same temperature, the Soret effect 34 . To attain this Soret distribution in equilibrium, the solute had to diffuse from the warmer end of the solution to the cooler end. Depending upon where the plasma is heated as it traverses the capillary, there are two ways that thermal effects can alter fluid exchange between plasma and ISF. First, if the plasma is heated in the tissue before it enters the arterial end of the capillary, then all solutes will diffuse upstream through the plasma towards the cooler plasma upstream. These solutes drag on the plasma through which they diffuse and alter the internal tension of the water in the plasma by an amount equal to the difference between osmotic pressure of the warmer and cooler plasma. For example, the osmotic pressure of water in plasma is 150 mosm kg 21 water at body temperature. If metabolically active tissue warms the plasma by 1 8C, the increased solute drag and the increased osmotic pressure of the plasma water is 9.4 Torr per 8C. This Soret effect will both lessen extravasation of fluid from plasma and further increase the return of ISF to the plasma, as this warmed blood flows through the capillary without further warming.
The second possible thermal effect on the osmotic effects of diffusing HCO 2 3 and the strong ions within plasma is dictated by further warming of the plasma as it flows a-v in the capillary. For example, increasing the temperature of the plasma by 1 8C as the plasma flows from end to end in the capillary increases the osmotic pressure of each ion by the factor 311/310. Applying this factor to the osmotic pressures of HCO 2 3 , Na þ and Cl 2 ions increases the amount of drag on the water through which they diffuse. Using concentrations of these ions from Dill et al. 26 , the net osmotic effect of HCO 2 3 and the strong ions will increase from 38.7 to 52.5 Torr if the temperature of the plasma increases by 1 8C as plasma flows from one end of a capillary to the other. This thermal effect would lessen extravasation at the arterial end and enhance return of ISF at the venous end. In this case, the thermally enhanced return is greater than the thermally diminished extravasation, because the diffusion effect of metabolic HCO 2 3 is greatest at the venous end and least at the arterial end. On the other hand, if the plasma is already heated as it enters the tissue capillaries and if no further heating occurs as the plasma flows through the capillary, then there will be no further thermal enhancement of the diffusing ions and no increase in their osmotic effects. In highly active muscle (during muscle contraction), these two thermal effects may become important in altering plasma-ISF exchange within the capillary and the net effect will depend on where the plasma is heated as it enters the tissue and flows through the capillaries.
Altogether, there are sufficient osmotic effects from solutes diffusing upstream (or downstream) within the plasma to account for the plasma-ISF exchange (Fig. 8) . These osmotic effects are also sufficient to account for negative ISF pressures 6, 35 . Moreover, unlike the Starling colloid force, these osmotic effects are load dependent, i.e. the rate of fluid exchange between plasma and ISF depends on the rate of CO 2 and heat generated by the tissue. This relationship is important because metabolic rates vary among tissues and in some tissues can increase up to a factor of 80 from rest to maximal metabolic activity (discussed below). In all cases, plasma-ISF 26, 27, [28] [29] [30] [31] [32] [33] exchange remains relative to metabolic activity, thereby avoiding another problem inherent in the Starling hypothesis that utilizes a relatively constant colloid osmotic force to explain fluid exchange.
Essential role of plasma proteins
Although the plasma proteins cannot function as in Starling's second force, as hypothesized, they are nevertheless essential. The capillary endothelium and the surrounding tissue are not rigid. By their own random motion, the colloidal proteins exert a continuous pressure against the capillary wall and distend the wall in proportion to the protein concentration and its colloidal pressure. Therefore, capillary volume and total blood volume are a function of protein concentration. The relationship between protein concentration and the distension of the compliant capillary endothelium is important in regard to intermittent blood flow through the capillaries, a normal feature of the microcirculation, where proteins may contribute to plasma-ISF exchange under the appropriate circumstances. Following an interval of no blood flow, the pre-capillary sphincter relaxes, the hydrostatic pressure increases and blood flow is re-established. In addition, the high hydrostatic pressure at the arterial end of the capillary has two effects: (1) since it exceeds the hydrostatic pressure of the ISF, it forces a protein-free filtrate from the plasma in to the interstitial space and (2) further increases the distension of the capillary wall already distended by the colloid pressure exerted by plasma proteins. Note that the extent of the distension from the combined hydrostatic and colloid pressure is a function of the elasticity of the capillary endothelium and surrounding tissue. If these were not compliant, there would be no retention of plasma and no expansion of the capillary volume. The stretching and distension of the capillary wall increases the capillary surface area (S) and lowers the hydraulic conductivity (L p ). Thus, when blood flow commences in a capillary, all plasma entering the capillary will flow through it; a small fraction will filter into the ISF and a fraction will be retained, expanding the capillary volume. The extent of the added distension is attributable to the increase in hydrostatic pressure at the arterial end of the capillary, which will depend on the distension already produced by the colloid pressure of the proteins. For a given increase in hydrostatic pressure, the distension that it causes and the amount of fluid extravasated will be less if the colloid pressure is already high. On the other hand, the distension and fluid extravasation caused by a given increase in hydrostatic pressure will be greater if the colloid pressure is low. Therefore, a normal concentration of protein and COP is essential for maintaining a normal fraction of protein-free filtrate from the capillary onto the ISF.
Once the capillary is fully distended, as the steadystate flow is attained, the plasma proteins play only a minor role in plasma-ISF exchange. Any extravasation of fluid into the ISF at the arterial end of the capillary concentrates the plasma proteins. These proteins can now diffuse down the concentration gradient and contribute an osmotic effect to plasma-ISF exchange by their longitudinal diffusion; however, the v-a concentration difference for proteins is small (, 0.2 mg dl 21 ), and therefore, it also contributes very little to the total osmotic effect (, 0.5 Torr). Plasma proteins may accumulate over sites in the capillary endothelium where hydrostatic pressure forces plasma fluid into the interstitial space, e.g. over small openings in the junctional strand beneath the glycocalyx on the luminal side of the endothelium 36 . These concentrated proteins will diffuse away towards a lower concentration within the plasma and have a small osmotic effect to lessen extravasation 36 . Moreover, at similar sites, at the venous end of the capillary where ISF returns to the plasma, plasma proteins will diffuse into this returning fluid and lessen the rate at which it enters the capillary. This latter osmotic effect of these diffusing plasma proteins is opposite to the return of ISF hypothesized by Starling's equation (COP H 2 O ). In actuality, this osmotic effect of plasma proteins at the venous end cancels the osmotic effect of protein molecules diffusing upstream within the capillary. Whenever proteins are diffusing along a concentration gradient, they can exert a force on fluid by dragging on the fluid through which they are diffusing. This is exhibited in fish, in which the capillary permeability to protein and the ratio of interstitial to plasma protein are high 37 , and the return of extravasated fluid in fish can be accomplished by diffusing protein.
Thus, with steady-state flow or during intermittent flow, these contributions of protein and COP are very small compared with the role of the HCO 2 3 ions. Note that when the flow rate of blood through a capillary is constant, the plasma proteins cannot influence plasma-ISF exchange significantly. If their 28 Torr were to have a steady-state influence, as stated by the Starling equation, this COP would be combined with the inevitable osmotic effects of the diffusing HCO 2 3 and strong ions. These combined osmotic effects would greatly exceed the hydrostatic pressure even at the arterial end of the capillary and prevent any extravasation of fluid into the ISF in tissue at rest and, perhaps also, during periods of increased metabolic flux in active tissue, i.e. skeletal muscle.
There are additional circumstances under which proteins do have a significant effect on fluid volume.
When the COP of plasma is increased by the addition of albumin or other colloids to plasma, the capillary and total blood volumes expand. For example, increases in plasma volume associated with acute bouts of exercise have been related to increased albumin in the vascular space 38, 39 . Again, this result happens only when plasma flow is intermittent and is associated with the increasing hydrostatic pressure following the relaxation of the arteriolar sphincter. For this reason, fluid is extravasated into the ISF along the entire length of the capillary. However, since the COP of the plasma has been elevated and these added colloids are also reflected by the endothelium, they press more against the endothelium. This greater pressure causes more outward displacement of the capillary wall, lessening the extravasation of fluid and therefore increasing retention of fluid and causing a greater expansion of plasma volume. Similarly, when plasma protein concentration and COP are insufficient, as in protein-deficient diseases, there is less reflection force on the capillary wall and extravasation is excessive, resulting in severe oedema and bloated spaces between tissues, as in kwashiorkor. When injecting an isotonic saline solution with a high protein concentration (COP) into the peritoneal space, water from the surrounding ISF flows into the space. The boundary of the injected solution containing the colloid is distensible. The colloid molecules reflect from this boundary and exert a pressure, equal to the COP of the injected solution. The boundary of the solution is pressed to enlarge, and this alters the internal tension of the water in the solution, as would the internal tension of pure water be altered by reducing the pressure applied to it by COP. Water from the ISF is pulled into the space until the COP of the solution equates with the surrounding ISF. Thus, it is clear from this discussion that our hypothesis does not necessarily preclude a role for the colloidal proteins in plasma-ISF exchange, but their role is clarified and limited to appropriate circumstances, intermittent flow and alteration in plasma protein concentration.
Linking HCO 2 3 and strong ion diffusion to fluid movement in physiological systems
While the primary focus of this discussion has been the role of diffusing HCO 2 3 and strong ions in returning extravasated fluid to the vascular space, the role of HCO 2 3 -associated fluid movement (secretion and reabsorption) across a variety of biological systems and animal species has been established and will be briefly reviewed in support of our hypothesis. At the heart of this proposed role for HCO 2 3 is its direct link to CO 2 chemistry and therefore involvement of the enzyme CA. HCO of CO 2 characterized by individual rate constants that are independent (k 1 ) and dependent (k 2 ) of H þ , as summarized below 40 :
CA is a zinc-containing enzyme that, at the typical in vivo concentration, enhances the reversible rate of CO 2 hydration by some 2800-fold (Equation 3). The basis for this catalytic augmentation is the protolysis of water and the extreme concentration of OH 2 at the zinc centre at the active site. H þ are shuttled away by a series of amino acids near the active site. While both the uncatalysed and catalysed reactions confer activity for the inter-conversion of CO 2 and HCO 2 3 , the cellular localization of the isoenzymic forms of CA determines the specific function (e.g. secretion, reabsorption, etc.) of HCO 2 3 . While there are at least 14 isoenzymes of CA with various species and tissue localization, only two isoforms will be considered in this study as they are of primary importance in supporting the present purpose. CA is found in the cytosol (CA-II) and bound to membrane (CA-IV); CA-IV exhibits significantly greater hydration-dehydration activity. Determination and significance of the physiological role of CA and pharmacological and clinical application have been bestowed by inhibition of CA activity. Sulfonamide inhibitors of CA have varying activity against the two forms of the enzyme, having some 20-fold less activity against CA-IV. Theoretical calculations and experimental results reveal that greater than 99% inhibition of the enzyme is required for a physiological effect, i.e. reduced fluid secretion 10, 41, 42 . Within the present context, membrane-bound CA-IV appears to play the primary role in the formation and secretion of HCO 2 3 from the cell 40, [43] [44] [45] [46] and facilitates the diffusion of CO 2 across membranes 47, 48 . Similarly, the uncatalysed hydroxylation reaction appears to be physiologically significant at the secretory borders of cells 40 . The cytosolic form, CA-II, is responsible for rapid cellular equilibrium of CO 2 and H 2 O. The choroid plexus is the only tissue where this relationship does not hold true, as there is no known membrane-bound CA. Support for this differential function based on isoenzymic localization is concluded from several physiological experiments. In the eye, aqueous humour secretion returns to baseline levels while CA-II (cytosolic form) is still 99.9% inhibited and the membrane-bound form CA-IV is below physiological inhibition 42, 45 . Likewise in the kidney, the renal response to CA inhibition (increased Na þ , HCO 2 3 and water excretion) is similar in control animals and animals in which only membrane-bound CA-IV has been selectively inhibited 43 or animals with intact membrane-bound CA-IV yet which are completely devoid of cytosolic CA-II (through sitedirected mutagenesis) 44 .
A. Fluid secretion in secretory epithelia
The importance of HCO , CSF (40-50%) 41 ,51,52 or pancreatic juice (42-47%) 53 secretion. Concomitantly, Na þ flux is reduced by 25-30% in aqueous humour 11, 40 and ,45% in CSF 51, 52 after inhibition of CA. In each case, residual flow is related to CA-independent HCO 2 3 formation and Na þ flux. Blocking the non-catalysed formation of HCO 2 3 using acid salts of aluminium (AlCl 3 ,-Al 2 (SO 4 ) 3 or gallium (GaCl 3 )) reduces CSF secretion by an additional 33% 52 . Hence, the tight linkage of fluid secretion to HCO 2 3 formation as HCO 2 3 accounts for , 80% of CSF secretion, while only , 20% of secretion is specifically linked to Na þ movement. Aqueous humour secretion is also be inhibited by adrenergic blockade, specifically b-blockers. The mechanism of action is also a reduction in HCO 2 3 flux that reduces aqueous flow by 30-40% 42, 54, 55 but is dissociated from changes in Na þ flux 41, 56 , i.e. b-blockers do not alter Na þ flux into aqueous humour, yet secretion is significantly reduced. Fluid secretion in other tissues such as sweat gland, salivary gland, large intestine, etc. is also linked to HCO 2 3 secretion 10, 40, 57 . The mechanism of using aluminium salts to inhibit HCO 2 3 formation is widely known for its effects on inhibiting sweat formation and secretion and is the basis for the function of antiperspirants 40 . An interesting aspect of the proposed osmotic effect of diffusing HCO 2 3 and Na þ would be the physiological relevance of the formation of ion pairs and anion-cation transport in fluid movement and/or cell volume regulation. Given the apparent importance of HCO 2 3 and Na þ in water diffusion and fluid secretion, it is interesting to note that these ions do not generally associate in solution. Within the high dielectric constant of water (1 ¼ 78), HCO 2 3 and Na þ are only about 8% associated with a NaHCO 3 flux rate that is quite low (0.07 £ 10 10 mol cm 22 s 21 ) 58 . This rate of diffusion would preclude any physiological significance of NaHCO 3 flux. However, when the low dielectric environment of the in vivo membrane region (1 ¼ 6) is simulated with dioxane-impregnated cellulose, the association of HCO 2 3 and Na þ increases dramatically (98% associated) 58 . The impact of this increased association is a 60-fold increase in the rate of NaHCO 3 flux (4.3 £ 10 10 mol cm 22 s 21 ), a rate that approaches that of CO 2 . In contrast, NaCl has a low flux rate in water (0.03 £ 10 10 mol cm 22 s 21 ) compared with a lower dielectric constant environment (1.8 £ 10 10 mol cm 22 s 21 ), which is significantly lower than that achieved by the NaHCO 3 pair 58 . As we hypothesized above, CO 2 diffuses through the interstitial space and would be converted to HCO 2 3 at the membrane. It associates with Na þ in the membrane given the favourable lowering of dielectric constant in the vicinity of the cell membrane, which removes the water molecules from hydration and would facilitate the diffusion of HCO 2 3 across the membrane. After diffusing through the membrane, the ion pair would dissociate, rehydrate and diffuse along their physiological gradients. Ultimately, the concept of anion-cation transport and the role that ion pairs may play in determining the net osmotic effect of diffusing HCO 2 3 and Na þ are supported by:
(1) HCO 2 3 movement drives passive Na þ movement 59 , an effect observed when the reduction in HCO 2 3 secretion by inhibition of carbonic anhydrase (CAI) results in decreased Na þ and fluid secretion in aqueous humour and CSF 11, 40, 51, 52 ; (2) the importance of the conversion of CO 2 to HCO 2 3 by the membrane-bound CA-IV isoenzyme serving effectively to 'trap' the CO 2 and facilitate HCO 2 3 gradients, in apparent agreement with physiological data regarding the function of membranebound CA-IV in fluid movement/secretion 40, [43] [44] [45] [46] ; (3) the apparently limited role of NaCl in fluid secretion, accounting for , 20% of total aqueous humour and CSF secretion 11, 51, 52 ; (4) while the divalent carbonate anion (CO 22 3 ) contained within HCO 2 3 may actually be the anion driving this transport 60 , it ultimately facilitates the transport of HCO Lastly, the role of anion-cation transport and ion pairs has received increasing attention in relation to Na-HCO 2 3 cotransport in renal basolateral membranes 61 and thick ascending limb of the Loop of Henle 62 , gastric oxyntic cells 63 , corneal epithelial cells 64 and pH regulation 65 . Thus, ion pairs would appear to be an important aspect of our hypothesized model.
Clearly, fluid secretion and movement is directly linked to the formation of HCO 2 3 . However, the transport of HCO 2 3 becomes a consideration as it is a charged, membrane-impermeant species. With respect to the present discussion, two important issues emerge. First, given the relatively high membrane permeability of CO 2 , the cellular localization of CA and conversion of CO 2 to HCO 2 3 would appear problematic, slowing the movement of CO 2 out of the cell. Secondly, and important to the present hypothesis, any direct osmotic effect of CO 2 could be minimized by counter-diffusion of O 2 in certain settings (discussed above and in Section B below); thus HCO and anions in general 71 . The electrogenicity and stoichiometry of these transporters is dependent upon the specific tissue and cellular localization. The flux of HCO movement. Metabolon complexes with cellular CA-II and membrane-bound CA-IV have been demonstrated 69, 70 , and disruption of the complexes reduces HCO 2 3 transport independent of CA activity 72 . Metabolon complexes have been shown to be operative in proximal tubule HCO 2 3 reabsorption, pancreatic juice secretion and red blood cell and myocardial cell acid-base regulation 67, 72 . Thus, the ultimate transport of HCO 
Muscular work
The energetic demand of resting tissue is met by oxidative metabolism (oxygen uptake; V O 2 ). CO 2 is produced during the consumption of oxygen at a rate that is determined by the substrate metabolized (mixture of fat, glucose and protein). For instance, oxidation of 1 mol of glucose requires 6 mol of O 2 and produces 6 mol of CO 2 . For fat, the ratio is 0.7. Oxidative metabolism also results in the production of water (0.25 ml l 21 O 2 consumed). Both CO 2 and water (extravasated and metabolic) must be removed to maintain tissue fluid volume and acid-base status; the removal of both is linked in the present model.
When the respiratory quotient is , 1, fewer molecules of CO 2 (dissolved and as HCO Carbonic anhydrase inhibitor (CAI), with the sulfonamide acetazolamide, decreases CO 2 output in humans without a change in V O 2 73-75 . The diuretic effect of CAI results in reduction of total body water (1.7 l) and extracellular fluid (ECF; 3.3 L) 74 . The loss of ECF is partitioned between reductions in ISF (2.98 l or 27%) and plasma volume (0.32 l or 8.8%), while increasing intracellular volume (1.6 l). Given the proposed model linking HCO 74 . Furthermore, in the context of the present model, the effects of CA inhibition on cell water accumulation are self-limiting. Re-establishing CO 2 gradients, despite continued CA inhibition (albeit at a higher plasma and tissue CO 2 tension), restores baseline rate of CO 2 removal and fluid flux. Thus, ISF would decrease with increased CO 2 / HCO 2 3 gradients in plasma and the initial accumulation of intracellular water is maintained. Hypercapnia, independent of CA inhibition, similarly increases tissue water as HCO 2 3 accumulates in the interstitial space 76 . Intense exercise can increase whole-body V O 2 and CO 2 production 10-to 15-fold in untrained humans, , 25-fold in highly trained humans 77 and , 60-fold in various animal species [78] [79] [80] . Intense stimulation (in vivo or isolated muscle) and muscle contractions increase metabolic rate across skeletal muscle as much as 80-fold in a variety of animal models and fibre types 33, [81] [82] [83] . Muscular work is associated with increased cell water production, incrementing with oxidative metabolism plus release of water from the hydrolysis of glycogen (2.7 g water per g glycogen).
Despite these large changes in metabolic water production and increased extravasated water, the change in ISF in humans and animals is relatively small (3-6%) while the change in ECF appears slightly larger (10-20%).
During whole-body exercise in humans 5 and animals 7 , extracellular volume decreases primarily due to decreases in plasma volume ranging from 10 to 18% and dependent upon exercise intensity 5, 7, 73, [84] [85] [86] [87] . Intracellular fluid does not appear to change 5, 7 . ISF increases as indicated by the 3-6% increase in tissue volumes in humans 5, 84 and animal models [88] [89] [90] without changes in ICF 7 ; although in instances of exercise, thermal or diuretic dehydration, ICF can decrease to sustain blood volume 84, 91, 92 . In animals, increased tissue volume is associated with fibre type, increasing with the percentage of slow-twitch fibres 93 . Supporting for tissue volume changes is reported by increased tissue pressure in human (2.5 cmH 2 O) 6 and cat muscle (6 cmH 2 O) 89 . Consequently, the changes in ISF and plasma volume have been attributed to increases in both P c and tissue osmolality, which limits the return of extravasated fluid to the plasma space, although the latter mechanism is questioned here. Additionally, ISF increases due to increased metabolic water associated with increased metabolic rate.
There are changes in the Starling forces during muscular work. P c increases with muscular work due to increased mean arterial pressure and/or capillary recruitment; the intensity-dependent magnitude ranges from 40 to 80 Torr in humans 94 and 10 to 18 Torr in isolated muscle models 88, 95, 96 . Capillary permeability is believed to change during muscular work in humans 97 and only slightly in animal models 98 . As indicated in the Introduction, it is not likely that a constant osmotic force due to COP can explain fluid flux during muscular work. However, what fluid is moved to the plasma has been attributed to the increase in [protein] observed during exercise [5] [6] [7] 73, 85, 86 .
[Protein] increases about 1 g dl 21 during exercise, accounting for a change in COP of , 5 Torr (calculated and observed) 6 . While [protein] and COP increase with the intensity of muscular work, the magnitude of change appears minimal in comparison with both the increased volume of extravasated and obligatory metabolic water. Examination of HCO 2 3 and strong ion changes associated with muscular work leads to a very different conclusion.
During intense muscular work in humans, the v-a differences in HCO 2 3 (5-6 £ rest levels), Na þ (4-6 £ rest levels) and Cl 2 (2-3 £ rest levels) increase significantly compared with rest levels 5, 28, 29 and in one case HCO 2 3 and Na þ changed ten fold from rest 30 . With muscular work, changes in lactic acid (L 2 ) become a significant contributor to the total strong ion osmotic effect, which is not a significant contributor in quiescence. L 2 output increases with exercise intensity and, given the v-a gradient would diffuse upstream in plasma, the same as HCO 28, 96 . While this HCO 2 3 would serve to restore plasma levels lost to buffering L 2 28 , an additional function of this v-a gradient would be to provide the osmotic gradient that explains water efflux from tissue to plasma.
Experiments performed in isolated hindlimb muscle show very much the same HCO 2 3 and strong ion response to whole-animal experiments. In experiments conducted in dog gastrocnemius muscle isolated in situ with an intact circulation, there was a net release of HCO 2 3 (3-4 £ rest levels), Na þ (3-4 £ rest levels) and L 2 (2-3 £ rest levels) from contracting muscle at peak V O 2 , the magnitude of which was related to CO 2 output [31] [32] [33] 99 . K þ output is very small and insignificant.
There is a large net uptake of Cl 2 by the contracting muscle that is in proportion to V CO 2 31-33,99 . CO 2 is converted to HCO 2 3 in the cell and diffuses from the cell; hence it appears that HCO 2 3 and Cl 2 exchange at the sarcolemma to maintain electrical neutrality.
The integral role of HCO 21 ) would provide a downstream gradient. The net osmotic effect of these ions diffusing in plasma would render a maximal osmotic pressure equivalent to 150 Torr. In all cases, the magnitude of the v-a differences is relative to the intensity of the work, so , 150 Torr represents a maximal response to intense work and maximal metabolic rate. In the extreme case with ten fold changes in v-a HCO 2 3 and Na þ differences 30 , the calculated osmotic impact may reach 500 Torr. Inhibition of CA would reduce the net osmotic effect of diffusing HCO 2 3 and strong ions by , 40-50 Torr and would appear to explain the changes in body water compartments.
In conclusion, the changes in HCO 2 3 and strong ions associated with whole-body exercise or across active skeletal muscle (in vivo or isolated) clearly support the concept that these diffusing ions are of the magnitude and direction to contribute a significant osmotic force that accounts for movement of fluid from the intracellular and interstitial spaces to plasma. The relationship of the v-a change in HCO 2 3 and strong ions is the same as observed in resting tissue. However, it is important to note the production of CO 2 , conversion to and the concentration of HCO 2 3 , and strong ions in plasma increase with the intensity of work. Thus, the net osmotic effect of diffusing HCO 2 3 and strong ions is not constant, but matches increasing demand for water movement. The role of HCO 2 3 is further supported by impairing the inter-conversion of CO 2 to HCO 2 3 by CAI, which reduces the diffusion of HCO 2 3 and leads to increases in tissue water accumulation until new, higher CO 2 gradients can be established. We conclude that this net osmotic force caused by ions diffusing through plasma, and not COP, is the force that explains the results obtained in Starling's classic experiment (Fig. 9 ). In accordance with Starling, the hydrostatic pressure is greater than the net osmotic effects of the diffusing ions and extravasates fluid into the ISF at the arterial end. At the venous end, the combined osmotic effect of HCO 2 3 and strong ions diffusing upstream provides a force that exceeds the declining hydrostatic pressure, returning extravasated ISF and moving metabolic water to the plasma.
B. Autoregulation of blood flow and cell volume regulation
Increasing metabolic rate by repetitive skeletal muscle contractions or uncoupling of oxidative phosphorylation (e.g. dinitrophenol) leads to hyperaemia, i.e. increasing blood flow to the tissue. Occlusion of blood flow results in a post-occlusion reactive hyperaemia that increases with the duration of occlusion. These changes in blood flow occur through locally controlled autoregulatory mechanisms operating to alter vasomotor tone; a number of local changes signal the local vascular changes. Local changes in HCO 2 3 and strong ion concentrations may also serve as a signalling mechanism to alter vasomotor tone locally. Undoubtedly, blood flow impacts cell volume regulation, and thus autoregulation probably plays an important role in transcapillary water exchange and maintenance of tissue water volume/pressure [101] [102] [103] . Indeed, it is recognized that changes in plasma and blood osmolality alter blood flow to tissue, i.e. increasing plasma osmolality causes vasodilation 95, 104 . Linking diffusion of HCO and strong ions within plasma, is that CO 2 production, HCO 2 3 and strong ion concentrations change in concert with metabolism and, therefore, water production when oxidative rate increases. Diffusion of HCO 2 3 and strong ions within plasma and the flux of water from cells and across the interstitial space will be variable and matched to metabolic demand. Thus, there is a common, physicochemical link between regulation of metabolism and local control of blood flow, autoregulation of cell volume and acid-base balance. More importantly, this physicochemical link provides an incrementing force matched to metabolism. This would solve another problem with the assumption that a constant COP due to [28] [29] [30] [31] [32] [33] 
